The origin of Phobos and Deimos is still an open question. Currently, none of the three proposed scenarios for their origin (intact capture of two distinct outer solar system small bodies, co-accretion with Mars, and accretion within an impact-generated disk) is able to reconcile their orbital and physical properties. Here, we investigate the expected mineralogical composition and size of the grains from which the moons once accreted assuming they formed within an impact-generated accretion disk. A comparison of our results with the present day spectral properties of the moons allows us to conclude that their building blocks cannot originate from a magma phase, thus preventing their formation in the innermost part of the disk. Instead, gas-to-solid condensation of the building blocks in the outer part of an extended gaseous disk is found as a possible formation mechanism as it does allow reproducing both the spectral and physical properties of the moons. Such a scenario may finally reconcile their orbital and physical properties alleviating the need to invoke an unlikely capture scenario to explain their physical properties.
INTRODUCTION
During the 70s and 80s, dynamicists have demonstrated that the present low eccentricity, low inclinations and prograde orbits of Phobos and Deimos are very unlikely to have been produced following capture (Burns 1978; Pollack et al. 1979) , thus favoring a formation of the moons around Mars (Szeto 1983; Cazenave et al. 1980; Goldreich 1963 ). Despite such early robust evidence against a capture scenario, the fact that the moons share similar physical properties (low albedo, red and featureless VNIR reflectance, low density) with outer main belt D-type asteroids has maintained the capture scenario alive (Fraeman et al. 2012 (Fraeman et al. , 2014 Pajola et al. 2013) .
Whereas the present orbits of the moons are hardly compatible with a capture scenario, they correspond to the expected outcome of an in situ formation scenario either as the result of co-accretion or of a large impact. Co-accretion with Mars appears unlikely because Phobos and Deimos would consist of the same building block materials from which Mars once accreted. Those building blocks would most likely comprise water-poor chondritic meteorites (enstatite chondrites, ordinary chondrites) and/or achondrites (e.g., angrites), which are all suspected to have formed in the inner (≤2.5 AU) solar system, namely interior to the snowline. This assumption is supported by the fact that the bulk composition of Mars can be well reproduced assuming ordinary chondrites (OCs), enstatie chondrites and/or angrites as the main building blocks (Sanloup et al. 1999; Burbine & O'Brien 2004; Fitoussi et al. 2016 ). Yet, OCs as well as the remaining candidate building blocks (enstatite chondrites, angrites) are spectrally incompatible with the martian moons, even if space weathering effects are taken into account (see panel b in Figure 1) .
It thus appears from above that accretion from an impact-generated accretion disk remains as the only plausible mechanism at the origin of the martian moons. As a matter of fact, the large impact theory has received growing attention in recent years (Craddock 2011; Rosenblatt & Charnoz 2012; Canup & Salmon 2014; Citron et al. 2015) . This hypothesis is attractive because it naturally explains the orbital parameters of the satellites as well as some features observed on Mars such as (i) its excess of prograde angular momentum possibly caused by a large impact (Craddock 2011) , and (ii) the existence of a large population of oblique impact craters at its surface that may record the slow orbital decay of ancient moonlets formed from the impact-generated accretion disk (Schultz & Lutz-Garihan 1982) . Along these lines, Citron et al. (2015) have recently shown that a large impact (impactor with 0.01-0.02 Mars masses) would generate a circum-Mars debris disk comprising ∼1-4% of the impactor mass, thus containing enough mass to form both Phobos and Deimos. Although the impact scenario has become really attractive, it has not yet been demonstrated that it can explain the physical properties and spectral characteristics of the martian moons. Here, we investigate the mineralogical composition and texture of the dust that would have crystallized in an impact-generated accretion disk. Since there are no firm constraints regarding the thermodynamic properties of the disk, we perform our investigation for various thermodynamic conditions and impactor compositions. We show that under specific disk's pressure and temperature conditions, Phobos and Deimos' physical and orbital properties can be finally reconciled.
FORMATION FROM A COOLING MAGMA
Because of the absence of constraints regarding the composition (Mars-dominated or impactor-dominated) and the thermodynamic conditions of the impact-generated disk, several configurations must be investigated in order to understand the formation conditions of Phobos and Deimos within such a scenario. As a first step, we considered the protolunar disk as a reference case because it is so far the most studied impactgenerated accretion disk. Its structure has been investigated by Thompson & Stevenson (1988) and subsequently by Ward (2012 Ward ( , 2014 . These studies have shown that the disk's midplane consists of a liquid phase surrounded by a vapor atmosphere. Beyond the Roche limit, gravitational instabilities developed and large clumps formed directly from the magma (e.g. Salmon & Canup 2012; Kokubo et al. 2000) . Those clump then agglomerated to form the Moon. In this case, because of internal evolutionary processes (differentiation, convection, etc..), the mineralogical composition and thus the spectral properties of the lunar mantle and crust will differ from the clump' ones. In the martian case, the situation is different in the sense that the clumps possess right away a mass/size comparable to that of Phobos and Deimos (Rosenblatt & Charnoz 2012) . This implies that the final composition and spectral properties of the martian moons would directly reflect those of the minerals that crystallized from the magma disk.
Methods
We considered three different compositions for the impactor (see Table 1 ), namely a Mars-like composition (1), a Moon-like composition (2) and an outer solar system composition (3) (i.e., TNO). The latter case would be coherent with an inward migration of a large planetesimal as a consequence of the possible late migration of the giant planets (e.g., Morbidelli et al. 2005) . By analogy with the Earth-Moon system, it has been suggested, however, that the impactor most probably formed near the proto-Mars (Hartmann & Davis 1975 , see cases (1) and (2)) but one cannot exclude that the impactor formed elsewhere (3).
In addition, since the relative proportions of the impactor and martian materials are poorly constrained in the resulting disk, we considered various proportions between these two materials. We considered two cases, namely a disk exclusively made of the impactor mantle and a half-half fraction. Case (1) complements this sequence by illustrating the case for a 100% fraction of the martian mantle.
To estimate the composition of the solids crystallized from the magma and thus of the moons, we performed a CIPW normative mineralogy calculation (GonzalezGuzman 2016) . This method allows determining the nature of the most abundant minerals that crystallize from an anhydrous melt at low pressure while providing at the same time a good estimate of their final proportions. The CIPW norm calculation is well adapted to our case given that the disk supposedly cooled down slowly through radiation (Ward 2012) , allowing complete crystallization of the minerals. It should be noted that we do not aim at determining the exact composition of the moons. Considering the few constraints we have on the system, our purpose is to discriminate between plausible and unplausible scenarios and thus provide new constraints for future studies.
Results
In this section, we present the inferred mineralogical composition of the moons for the three aforementioned impactor compositions (see Table 2 ) and for the different relative abundances of the impactor and martian mantle.
• Case 1 (Mars-like impactor) : Since the impactor has a composition similar to that of Mars, we performed the calculation using a Bulk Silicate Mars (BSM) magma composition (taken from Lodders & Fegley 2011) . The BSM is an estimate of the chemical composition of Mars' mantle. By calculating the CIPW norm, we found that both olivine and orthopyroxene (hypersthene) are the main minerals to crystallize (∼59% and ∼21% respectively). Both diopside and feldspar (plagioclase) are also formed although in significantly lower proportions (∼7% and ∼12% respectively). Note, however, that the above results do not account for a partial vaporization of the disk. The fraction of vaporized material is speculative although theoretical considerations advocate that it should be more than 10% in the case of the protolunar disk (Ward 2012 (Ward , 2014 . To emphasize the role of vaporization on the resulting composition of the building blocks of the moons, we considered the case of a half vaporized disk (see Table 1b ). Its magma composition was derived following the results of Canup et al. (2015) for a Bulk Silicate Earth (BSE) disk's composition. This first order approximation is quantitatively valid as the BSE and a BSM compositions are very similar Visscher & Fegley (2013) . By applying the CIPW norm to this new magma composition, we found that significantly more olivine is crystallized (∼85%), whereas both orthopyroxene and diopside do not form. The proportion of feldspar remains, however, the same (∼10%).
• Case 2 (Moon-like impactor) : Here, we used the Bulk Silicate Moon composition as a proxy for the impactor composition. For both a 50-50% MoonMars mixing ratio and a pure lunar-like composition, we found that both olivine and orthopyroxene (hypersthene) are the main crystallizing minerals (∼60% and ∼22% respectively). In both cases, it thus appears that the derived bulk composition of the moons is very close to the one obtained for a Bulk Silicate Mars disk's composition. Taking into account a partial vaporization of the magma would also lead to results similar to those obtained for case 1.
• Case 3 (TNO-like impactor) : Here we used the composition of interplanetary dust particles (IDPs; Rietmeijer 2009) as a proxy for the composition of the TNO-like impactor. IDPs which are the likely building blocks of comets may also be the ones of TNOs if one follows the basic and currently accepted assumption that both population formed in the outer solar system. However, by using directly the composition of IDP grains, we neglect the effect of differentiation that has likely occurred on a Moon-sized TNO. This implies that we certainly overestimate the amount of iron in the disk. Figure 1 . Schematic representation of the expected orbital (left) and spectral (right) characteristics of the martian moons for each of the three different scenarios currently invoked for their origin. Note that in the case of Phobos, we display the average spectrum of the red region. The Phobos and Deimos spectra are CRISM/MRO data that were retrieved from PDS: http://pds-geosciences.wustl.edu/. The lunar mare spectra were retrieved from: http://pgi.utk.edu/. The meteorite spectra were retrieved from RELAB: www.planetary.brown.edu/relab/. The asteroid spectra were retrieved from: http://smass.mit.edu/. (a) The intact capture scenario would likely produce retrograde, large, eccentric and inclined orbits. The nearby asteroid belt being a good proxy for the asteroid types that could have been captured, we display the spectral diversity of the latter (DeMeo & Carry 2013) . Both D-type asteroids (which are the closest spectral analogs to Phobos and Deimos) and P-types are thought to have formed in the primordial trans-Neptunian disk and to have been injected in the inner solar system during the late migration of the giant planets (e.g., the Nice model; (Levison et al. 2009)) . Such event could have potentially led to a few of these objects being captured as moons by Mars. The problem with this scenario is that P-types are twice as abundant as D-types; the capture of two D-types around Mars rather than two P-types or even one P-type and one D-type is thus not statistically favored. Along these lines, an additional caveat of the capture scenario is that the density of the largest (D ≥ 200km) P-and D-type asteroids lies in the 0.8-1.5 g/cm 3 range (Carry 2012) . Density decreasing with asteroid size for a given composition (Carry 2012) , we would expect the density of Phobos and Deimos to be somewhere in between the density of the comet 67P (∼0.5 g/cm 3 ; (Sierks et al. 2015) ) and the one of the largest P and D-types (Carry 2012) , thus clearly below the one of the Martian moons. (b) In the co-accretion scenario, circular and co-planar orbits would be expected and the spectral characteristics of the martian moons would likely ressemble those of either reddened ordinary chondrites, reddened angrites or enstatite chondrite-like asteroids (note: enstatite chondrites barely redden via space weathering effectssee Vernazza et al. (2009) ). Yet, this is not the case. (c) Within the impact scenario, a condensation directly from a magma (left) would lead to the martian moons having typical lunar mare like spectral properties resulting from the coexistence of fine (≤10 microns; spectrally featureless) and of large (≥10 microns; spectrally feature-rich) olivine and pyroxene grains at their surfaces. Alternatively, gas-to-solid condensation in the external part of the disk (right) would lead to the formation of small grains (≤2 microns) and thus naturally explain the similarity in spectral properties between the moons and both D-type asteroids and fine grained (≤10 microns) lunar soils.
When considering a pure IDP-like composition, quartz crystallizes because of an excess of silica. Indeed, the amount of Mg and Fe does not allow to form enough olivine and pyroxene to account for all the available Si. Moreover, quartz and Mg-rich olivine being mutually exclusive minerals, the absence of one of the two is the norm if the other is formed. In this case, the resulting composition is pyroxene-rich instead of olivine-rich. A substantial amount of pyrite is also formed due to the high proportion of sulfur in IDPs. When considering a 50-50% TNO-Mars mixing ratio, there is no longer an excess of silica. Orthopyroxene remains the most abundant mineral but olivine is formed instead of quartz and in a larger amount.
In summary, we find that for every tested scenario the inferred mineralogical composition of the building blocks of the moons (and thus of the moons) is either olivinerich or pyroxene-rich. Since minerals that solidify from a slow cooling magma are usually coarse grained (grain size usually in the 10µm-1mm range; see A1 ; Cashman 1993; Solomatov 2007) , our findings imply that if Phobos and Deimos actually formed from a disk of magma, then their spectra -similarly to those of either S-type asteroids or lunar mares-should display detectable 1 and 2 micron bands (see Fig. 1 , panel c -left) that are characteristic of the presence of olivine (1 micron) and pyroxene (1 and 2 microns).
Yet, this is not the case. It is very unlikely that space weathering effects -which are more significant at 1 AU than at 1.5 AU-could suppress the olivine and pyroxene absorption bands in the martian moons spectra considering that those effects are not able to suppress them in the lunar ones (Pieters et al. 2000; Yamamoto et al. 2012 ). We thus conclude that it is highly unlikely that Phobos and Deimos actually formed from a disk of magma. Another argument in disfavor of this scenario is given by the fact that the magma resides inside the Roche limit (at ∼4R Mars ) which in the martian case is located inside the synchronous orbit (at ∼6R Mars ). Thus, the bodies that formed directly from the magma must have impacted Mars a long time ago as a consequence of their orbital decay due to tidal forces (Rosenblatt & Charnoz 2012) .
FORMATION IN AN EXTENDED GASEOUS DISK
A different formation mechanism is thus required to explain both the current orbits of the moons as well as their spectral characteristics. Of great interest, Rosenblatt & Charnoz (2012) suggested that the moons could have formed in an extended gaseous disk farther from Mars than in the two-phase disk case. Such a disk should be initially hot so that it would thermally expand under pressure gradients and be gravitationally stable beyond the Roche limit. As the disk would thermally expand, it would cool down rapidly. The extended disk would also have a lower pressure and a larger radiative surface allowing, again, a faster cooling than a compact disk residing inside the Roche limit.
In this scenario, the conditions under which Phobos and Deimos formed could have been similar to those that occurred in the protosolar nebula in the sense that small solid grains could have condensed directly from the gas without passing through a liquid (magma) phase (see A2). In this case, Phobos and Deimos would consist of material that has the same texture -not necessarily the same composition-as the one that has been incorporated into comets and D-type asteroids, namely fine grained dust (grain size ≤ 2 microns; see A2; Vernazza et al. (2015) ). It would therefore not be surprising that these objects share similar physical properties, including i) a low albedo (pv∼0.06) and ii) featureless and red spectral properties in the visible and near-infrared range (see Fig. 1 panel c -right , Vernazza et al. (2015) ). It is important to stress here that there are currently no available laboratory reflectance spectra in the visible and near-infrared range for sub-micron sized particles. The spectral behavior in this wavelength range can be reproduced via the Mie theory as implemented by Vernazza et al. (2015) . These authors showed that a space weathered mixture of sub-micron sized olivine and pyroxene grains would possess spectral properties similar to those of Pand D-type asteroids. Future laboratory measurements will be necessary in order to characterize the reflectance properties of all kinds of minerals (silicates, phyllosilicates, iron oxides, etc..) in order to provide more accurate constraints on the composition of the moons. Note that a further comparison of the Phobos and Deimos spectra with those of fine grained lunar mare soils (grain size ≤ 10 microns) reinforces the idea that the moons may effectively be aggregates of sub-micron sized grains. Indeed, although the average grain size of the lunar soils is small (≤ 10 microns), absorption bands at 1 micron are still visible, suggesting that the grains at the surface of the martian moons must be even smaller than these already fine grained lunar samples.
Finally, accretion from such poorly consolidated submicron sized material would also naturally explain the low densities (∼1.86 g/cm 3 for Phobos and ∼1.48 g/cm 3
for Deimos) and high internal porosities (∼40-50% assuming an anhydrous silicate composition) of the moons (Andert et al. 2010; Rosenblatt 2011; Willner et al. 2014) . Importantly, such high porosity is not observed in the case of S-type asteroids with diameters in the 10-30 km size range (a ∼20-30% porosity is observed for these objects; Carry (2012)), reinforcing the idea that the building blocks of the martian moons must be drastically different in texture from those of S-type asteroids (i.e., OCs). The fact that the building blocks of the moons should avoid a magma phase provides interesting constraints on the thermodynamic conditions that prevailed inside the disk. Whereas a magma layer inside the Roche limit is not inconsistent with our findings (the moon or moons that would have formed from this layer would have impacted Mars a long time ago), future modeling of the disk should account for an extended disk where the pressure and the temperature allow for a direct condensation of the vapor into solid grains.
In order to provide constraints for future models of the martian disk, we determined the pressure-temperature ranges where the gas would directly condense into solid grains assuming a BSM composition of the gas. We restricted our analysis to the condensation of olivine only. Gail (1998) found that olivine would first condense as nearly pure forsterite and iron might be included later on in the solution. We consequently considered the condensation of pure forsterite. The pressure up to which solid or liquid forsterite is stable for a given temperature can be calculated with the following formula:
where ∆G s,l is the Gibbs free energy of formation of solid or liquid forsterite from gaseous MgO and SiO 2 (it can be calculated with the JANAF online tables), and x MgO and x SiO2 are the molar fraction of the gases. An extensive chemical model would thus be required in order to infer these molar fraction. As such detailed modeling is beyond the scope of the present work, we simply assumed that different fractions (f ) of Mg and Si were bound into MgO and SiO 2 molecules in the gas phase and thus x MgO,SiO2 = f Mg,Si , being the fraction of the element.
The stability curves are shown in Figure 2 for f = 1, f = 0.1 and f = 0.01. The last two cases are more realistic given that Mg is usually found as a free atom whereas Si is mainly found in SiO molecules. We find that the solid phase of forsterite becomes more stable than the liquid one below a temperature of ∼ 2200 K. At this temperature, the condensation of forsterite occurs at a pressure lower than [10 −6 − 10 −3 ] bar depending on the partial pressures of MgO and SiO 2 .
DISCUSSION
Here, we have opened the possibility that gas-to-solid condensation in the external part of an extended gaseous disk is a likely formation mechanism for the martian moons building blocks as it would lead to the formation of small (≤ 2 microns) dust particles. Accretion from such tiny grains would naturally explain the similarity in spectral properties between D-type asteroids (or comets) and the martian moons as well as their low densities. It therefore appears that accretion in the external part of an impact-generated gaseous disk is a likely formation mechanism for the martian moons that would allow reconciling their orbital and physical properties. Future work should attempt modeling the mineralogy resulting from the gas-to-solid condensation sequence and verify that a space weathered version of the derived composition sieved to sub-micron sized grains is compatible with the spectral properties of the moons. Such investigation would greatly benefit form detailed numerical models that would constrain the thermodynamic properties of a circum-Mars impact generated disk as a function of radial distance.
Finally, note that our proposed scenario is not incompatible with the the presence of weak hydration features in the spectra of Phobos and Deimos (Giuranna et al. 2011; Fraeman et al. 2012 Fraeman et al. , 2014 . Water has been delivered to the surfaces of most if not all bodies of the inner solar system, including the Moon (Sunshine et al. 2009 ), Mercury (Lawrence et al. 2013) and Vesta (Scully et al. 2015) . It has thus become clear over the recent years, that space weathering processes operating at the surfaces of atmosphere-less inner solar system bodies do not only comprise the impact of solar wind ions and micrometeorites, which tend to redden and darken the spectra of silicate-rich surfaces, but they also comprise contamination and mixing with foreign materials including water-rich ones (Pieters et al. 2014 ).
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5. APPENDIX 5.1. Grain size resulting from magma solidification The grain size of a crystal resulting from magma solidification has been extensively studied and appears closely related to its cooling history. Rapid cooling ( 10 2 K hr −1 ) will lead to the formation of smaller grains (∼ 10 −2 mm) whereas slow cooling ( 1 K hr −1 ) will lead to the formation of larger grains (∼ 1 mm) as is observed in experimental studies and Earth's samples (Flemings et al. 1976; Ichikawa et al. 1985; Grove 1990; Cashman & Marsh 1988; Cashman 1993) . This is well illustrated in the case of Earth's rocks via basalts and gabbros. These rocks possess the same composition but a very different texture. Basalts are extrusive igneous rocks that experienced rapid cooling either within Earth's atmosphere or oceans and possess a fine-grained structure. On the other end, gabbros are intrusive igneous rocks that crystallized below Earth's surface on much longer timescales and thus exhibit coarse grains.
In the present case, assuming that the temperature of the magma layer is regulated by the disk radiative cooling only, an order of magnitude of the disk cooling rate is :
where R disk = 4R Mars which is approximately the Roche limit, σ SB = 5.67 × 10 −8 J m −2 K −1 is the StefanBoltzmann constant, T ph = 2000 K is the temperature of the disk at the photosphere that is maintained at ∼ 2000 K throughout its lifetime (Ward 2012) , M disk = 5 × 10 20 kg following the results of Citron et al. (2015) and C p = 4 × 10 3 J kg −1 K −1 is the heat capacity of the vapor.
One may also consider that the clumps formed still molten at the Roche limit. In this case, assuming a density ρ = 3300 kg m −3 for the melt and clumps with typical sizes in the 1-10 km range, an order of magnitude of the clump cooling rate would be :
where the largest clumps would possess the slowest cooling rates and vice versa. In either case, the cooling timescales are comparable to those derived from laboratory experiments and the rocks that would have crystallized from the magma should typically exhibit the same grain sizes as those found in magmatic rocks on Earth.
In a different register, it is interesting to note that chondrules, which formed as molten or partially molten droplets in space before being accreted to their parent asteroids, have typical sizes in the 0.1-1 mm range (Hutchison 2004) . In summary, magma condensates appear always coarse grained (grain size in the 0.1-1mm range), regardless of their formation mechanism. 
Building blocks of Phobos and Deimos

Grain size resulting from gas to solid condensation
The texture and size of the grains condensing directly from the vapor is, similarly to the solidification from a magma, closely related to the cooling rate of the vapor. Fast cooling will be associated with a high nucleation rate. As such, a rapid decrease of the temperature will imply the condensation of a large number of small grains. On the contrary, if the cooling rate is slow, fewer nuclei will condense but these will grow by continuous condensation of vapor onto their surface which will result, on average, in the development of larger grains. This process has been investigated via both theory (Gail et al. (1984) and Gail & Sedlmayr (1988) ), and laboratory experiments (Rietmeijer et al. (1999a) , Rietmeijer et al. (1999b) , Rietmeijer & Karner (1999) , Toppani et al. (2006 ), De Sio et al. (2016 ). The theoretical investigations of grain growth in stellar outflows was applied to carbon growth and resulted in grains with sizes in the 10 −3 -1 µm range (Gail et al. 1984) . Concerning the laboratory experiments, two cases have been investigated namely a rapid and a slow condensation of silicate rich vapor into solid grains. In the case of rapid condensation which occurs in non-equilibrium, the formation of very small amorphous grains with typical sizes of a few tens to a few hundred nanometers was observed, in agreement with theoretical calculations by Gail et al. (1984) . In the case of slow condensation which occurs near equilibrium, the formation of small crystalline grains with typical sizes of a few hundred nanometers was observed (Toppani et al. 2006) . It therefore appears that -in either case (slow and fast cooling) -small dust grains with typical sizes of ∼0.1 microns are the natural outcome of gas to solid condensation. This is very coherent with the typical grain sizes observed among interplanetary dust particles (Rietmeijer 2009 
